Improving The Availability Of Thermal Conductivity Data And Modeling How Inaccurate Thermal Conductivity Data Affect Geothermal Power Production Models by Crowell, James Joshua
University of North Dakota
UND Scholarly Commons
Theses and Dissertations Theses, Dissertations, and Senior Projects
January 2015
Improving The Availability Of Thermal
Conductivity Data And Modeling How Inaccurate
Thermal Conductivity Data Affect Geothermal
Power Production Models
James Joshua Crowell
Follow this and additional works at: https://commons.und.edu/theses
This Dissertation is brought to you for free and open access by the Theses, Dissertations, and Senior Projects at UND Scholarly Commons. It has been
accepted for inclusion in Theses and Dissertations by an authorized administrator of UND Scholarly Commons. For more information, please contact
zeineb.yousif@library.und.edu.
Recommended Citation
Crowell, James Joshua, "Improving The Availability Of Thermal Conductivity Data And Modeling How Inaccurate Thermal
Conductivity Data Affect Geothermal Power Production Models" (2015). Theses and Dissertations. 1760.
https://commons.und.edu/theses/1760
IMPROVING THE AVAILABILITY OF THERMAL CONDUCTIVITY DATA AND 
MODELING HOW INACCURATE THERMAL CONDUCTIVITY DATA AFFECT 






James “Josh” Crowell, MS 
Bachelor of Science, Park University, 2003 











University of North Dakota 
 





for the degree of 
 
















Title Improving the Availability of Thermal Conductivity Data and Modeling How 
Inaccurate Thermal Conductivity Data Affect Geothermal Power Production 
Models 
 
Department Geology and Geological Engineering 
 
Degree  Doctor of Philosophy 
 
 
 In presenting this thesis in partial fulfillment of the requirements for a graduate degree 
from the University of North Dakota, I agree that the library of this University shall make it 
freely available for inspection. I further agree that permission for extensive copying for scholarly 
purposes may be granted by the professor who supervised my thesis work or, in his absence, by 
the chairperson of the department or the dean of the School of Graduate Studies. It is understood 
that any copying or publication or other use of this thesis or part thereof for financial gain shall 
not be allowed without my written permission. It is also understood that due recognition shall be 
given to me and to the University of North Dakota in any scholarly use which may be made of 





       James Crowell 








TABLE OF CONTENTS 
LIST OF FIGURES ....................................................................................................................... vi 
LIST OF TABLES ....................................................................................................................... viii 
ACKNOWLEDGEMENTS ........................................................................................................... ix 
ABSTRACT .....................................................................................................................................x 
CHAPTER 
 I. BACKGROUND .....................................................................................................1 
 II. PROJECT INTRODUCTION .................................................................................8 
   Overview ......................................................................................................8 
   Hypotheses Statements. ...............................................................................9 
   Requirements for Using a Divided Bar ........................................................9 
   Thermal Conductivity Estimates................................................................13 
   Using Thermal Conductivity Data .............................................................13 
 III. METHODS ............................................................................................................15 
   Overview ....................................................................................................15 
   Measuring Thermal Conductivity on a Divided Bar..................................15 
   Measurements of Irregular Samples on a Divided Bar ..............................19 
   Detecting Spatial Trends in Thermal Conductivity  ..................................22 
   Effect on Geothermal Well Production Temperatures...............................25 
   Effect on Power Production Estimates ......................................................31 
v 
 IV. RESULTS ..............................................................................................................33 
    Overview ....................................................................................................33 
   Thermal Conductivity Measurements and Corrections .............................33 
   Mapping Spatial Trends in Thermal Conductivity ....................................36 
   Effect on Geothermal Well Production Temperatures...............................39 
   Effect on Power Production Estimates ......................................................40 
 V. DISCUSSION ........................................................................................................42 
    Thermal Conductivity Measurements and Corrections .............................42 
   Spatial Trends in Thermal Conductivity ....................................................44 
   Effect on Simulated Geothermal Well Production ....................................45 
 IV. CONCLUSIONS....................................................................................................48 
APPENDICES ...............................................................................................................................51 
 Appendix A.  Divided Bar Measurements .........................................................................52 
 Appendix B.  Thermal Conductivity Measurements used for Correction Factor ..............56 








LIST OF FIGURES 
 
Figure                           Page 
1. Basic design of a divided bar apparatus ...............................................................................4 
 
2. This is a thermal stack that has been prepared for insertion into the divided bar ..............16 
 
3. Simplified stratigraphic column used for the 3D geothermal production model ...............26 
 
4. Screen capture of the running ARC model showing wells and crack network .................29 
 
5. Plot showing normalized thermal conductivity vs. Area% ................................................34 
 
6. Plot showing data and curve used to generate the Correction Factor ................................35 
 
7. Plot showing thermal conductivity values after correction................................................36 
 
8. Maps showing thermal conductivity and depth for Madison limestone ............................37 
 
9. Maps showing thermal conductivity and depth for Madison dolostone ............................38 
 
10. Maps showing thermal conductivity and depth for all Madison samples ..........................38 
 
11. Maps showing thermal conductivity and depth for all limestone samples ........................38 
 
12. Maps showing thermal conductivity and depth for all dolostone samples ........................39 
 
13. Maps showing thermal conductivity and depth for all dolomitized samples.....................39 
 
14. Plot showing effect of thermal conductivity on production water temperature.................40 
 
15. Plot showing scatter due to experimental error in thermal conductivity ...........................55 
  
vii 
16. Thermal profiles, run #1; the baseline simulation .............................................................58 
 
17. Thermal profiles, run #2; limestone conductivity increased 40% .....................................60 
 
18. Thermal profiles, run #3; limestone conductivity increased 20% .....................................62 
 
19. Thermal profiles, run #4; limestone conductivity decreased 20% .....................................64 
 
20. Thermal profiles, run #5; limestone conductivity decreased 40% .....................................66 
 
21. Thermal profiles, run #6; limestone & sandstone conductivity increased 40% ................68 
 
22. Thermal profiles, run #7; limestone & sandstone conductivity increased 20% ................70 
 
23. Thermal profiles, run #8; limestone & sandstone conductivity decreased 20% ................72 
 
24. Thermal profiles, run #9; limestone & sandstone conductivity decreased 40% ................74 
 








LIST OF TABLES 
Table                           Page 
1. Number of measurements used for spatial analysis, by subgroup .....................................24 
 
2. Rock types and baseline thermal conductivities used in the geothermal model ................26 
 
3. Thermal conductivities changed in each simulation run ....................................................30 
 
4. Thermal conductivities changed and the resulting production temperatures .....................40 
 
5. Electrical power production variability with changes in ∆T, from Barse 2014 .................41 
 
6. Examples of 100 divided bar measurements averaged for one reported value... ...............52 
 










 The author wishes to thank Dr. William Gosnold, Dr. Michael Mann, Dr. Jacek 
Majorowicz, Dr. Jaakko Putkonen, Dr. Dexter Perkins, Dr. Forest Ames, Anna Crowell and 








 The availability of site specific thermal conductivity data can be improved by measuring 
irregularly sized samples and by using GIS tools. New calculations for use with measurements of 
samples with irregular shapes and sizes result in valid thermal conductivity values. Using the 
new thermal conductivity data along with GIS tools reasonable estimates of thermal conductivity 
may be made for sites where no samples are available.  Ten thirty-year long production 
simulations using different thermal conductivity values for reservoir rock and for overlying rock 
were completed resulting in produced water temperatures that varied by as much as +3% to -
5.6% from the baseline. Such a large range in production temperatures could result in electrical 





Thermal conductivity is the physical property of a material that provides a 
measure of its capacity to transmit thermal energy. The flow of heat between two 
surfaces is proportional to the temperature difference between the surfaces and the 
constant of proportionality is the thermal conductivity of the medium. Thermal 




where q is heat flow in W m
-2
, T is temperature in K, z is depth or thickness in meters and 




.  Rocks generally have thermal conductivities that 




, although individual minerals such as native copper can 




. Thermal conductivity 
measurements of rock samples are affected by the porosity of the samples and by the 




 so if a 
rock sample is dry, the pores are filled with air, then the measured thermal conductivity 
will be substantially lower than if the sample were saturated with a fluid such as water, 
brine, or a hydrocarbon. As the units of thermal conductivity suggest, the ability of any 
material to conduct thermal energy varies based on the thickness of the material and the 
temperatures involved. Energy transport in solids occurs through two primary processes, 
phonon conduction (lattice vibrations) and radiation. Phonon conduction tends to 
decrease with increased temperature while radiation tends to increase with increased 
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temperature. These two processes are independent of each other, so while the thermal 
conductivity of most materials decreases as absolute temperature rises, it increases for 
others (Beardsmore and Cull, 2001). The effect of absolute temperature on thermal 
conductivity can make replicating in-situ conditions a very important detail when making 
measurements on rock samples. 
Thermal conductivity measurements are important in many fields of study such as 
terrestrial heat flow, geothermal resource exploration, petroleum exploration, and 
materials engineering. Geothermal resource estimates are the focus of this research 
project, however the data, methodology and analysis are widely applicable. 
The essential data for geothermal resource assessment are resource temperature, 
resource depth and the availability of fluids to transport heat to the surface. In geothermal 
resource studies some of the most commonly used data are heat flow, which are used to 
calculate temperature at depth. Heat flow (q) has units of W m
-2
 and is commonly 
calculated by one of two methods; Bullard Plots and Fourier’s Law. A Bullard Plot is a 
plot of temperature against thermal resistance, which is the inverse of thermal 
conductivity. In a Bullard Plot heat flow equals the gradient of the data points. 
Calculations of heat flow using Fourier's Law use the harmonic mean of the thermal 
conductivity and the thermal gradient for each depth interval in which the gradient is 
linear. 
Making thermal conductivity measurements on a complete stratigraphic column 
for even one location is prohibitively expensive and time consuming, due to the cost of 
coring the whole length of a deep well and the time it would take to make hundreds of 
thermal conductivity measurements. Estimates of thermal conductivity are commonly 
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used to save time and money. These estimates are usually based on measurements either 
of samples from the same formation or of similar rocks from remote locations.  
Heat flow can be calculated with varying reliability, depending on the data 
available. Sometimes, if a complete temperature profile is known, the temperature 
gradient across each formation, or section where the gradient is linear, is used with a 
“representative” thermal conductivity for that formation or section, preferably a harmonic 
mean of measured values. With this method, heat flow is calculated multiple times down 
a borehole. Excluding disturbances that add or remove thermal energy, such as ground 
water flow and climate change, the heat flow should be constant all the way down the 
hole in a steady-state conductive setting (Majorowicz, 1986). An alternative method, also 
based on Fourier’s law, uses a single gradient from the top of a bore hole to the bottom, 
using a calculated mean annual surface temperature (Morgan, 2014) and a bottom-hole 
temperature from an oil well. Heat flow is then calculated using the gradient and a single 
thermal conductivity value; a calculated, or estimated, harmonic mean for all the rock 
layers involved. This method can give an approximation of the ‘background’ heat flow of 
a region (Beardsmore, 2001). 
One common method for measuring thermal conductivity has not changed much 
since it was first described by Benfield in 1939 and is called the divided bar method. 
Using an insulated bar composed up of materials of known and unknown thermal 
conductivity with the ends held at constant temperatures allows the thermal 
conductivities of the unknown material to be calculated from temperature measurements 




Figure 1. Basic design of a divided bar apparatus. The standards (polycarbonate) and the 
sample (unknown) are shown, along with temperature measurement sites and the heat 
source (hot water) and heat sink (cold water). This image was modified from Beardsmore 
and Cull (2001). 
 
Equipment for measuring thermal conductivity this way are known as Divided 
Bars. Other, more recently developed, methods of measuring thermal conductivity 
include flash heating a small metal rod, known as a needle probe, and measuring how 
long it takes the heat to diffuse into the material being tested and firing pulses from a 
laser at the material and measuring how long it takes the heat from the laser to diffuse 
into the material. The benefits of the thermal diffusivity methods include rapid 
measurements and reduced sample preparation. In some cases, where no measurements 
can be made, thermal conductivity may be inferred using other data such as mineralogical 
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composition, porosity, saturating fluids, well-log correlations, and correlations of other 
physical parameters (Clauser and Huenges, 1995). 
There are problems with the laser based thermal diffusivity technique; rock 
samples must be dry so that heat is not dissipated through water flashing to steam and 
they cannot be under pressure during the test. Rocks, unless they are at Earth’s surface, 
are always under substantial pressure and are usually saturated with some type of fluid so 
thermal conductivity measurements made on dry samples at room temperature and 
pressure must be corrected. Microcracks, fractures and contact resistance between grains 
and crystals can cause thermal conductivity measurements can vary by more than 30% 
between a sample measured at ambient surface pressure and the same sample measured at 
in-situ like pressures since increased pressure reduces porosity and closes microcracks. 
Depending on the porosity of a sample, the difference between a thermal conductivity 
measurement when a sample is saturated and when it is dry can also vary by more than 
30% (Jessop, 1990), due to the low thermal conductivity of air. Although the equipment 
for the laser measurements is expensive and cannot measure sample at in-situ like 
conditions, the measurements are very fast and require minimal sample preparation, so 
large data sets are obtainable in a short period of time. 
Needle probe measurements can be done on saturated rocks, eliminating one of 
the sources of error plaguing the laser technique. Measurements made with the needle 
probe are, however, still made at ambient surface pressure in most cases. Hand-held 
needle probes are relatively inexpensive, compared to divided bars and the laser 
equipment, and the measurement process is very quick. There are also tools that place a 
needle probe downhole, where the measurements are then made in-situ, but those tools 
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are expensive, often custom built, and the user must have access to an open borehole 
(Girdler, 1974). 
A divided bar apparatus measures thermal conductivity (𝜆) by subjecting two 
standards and a sample to a constant heat flow (q), in a straight line from the heat source 
to the heat sink, and applying Fourier’s Law of heat conduction: 𝑞 = 𝜆 (
𝑑𝑇
𝑑𝑧
). Since the 




) across the two standards and the sample, we can use the average 
temperature gradient across the two standards and then set the two heat flow equations 
equal to each other. Solving for 𝜆sample gives the following relationship: 








Divided bars can be designed to measure samples at varying pressures and 
varying temperatures, to mimic in-situ conditions. Samples can also be saturated during 
measurements in a divided bar. Unfortunately sample preparation is time consuming, and 
has classically been semi-destructive, which becomes a concern when there is limited 
core available for research use. The divided bar measurements are also a lot slower than 
the other two methods, with measurement times ranging from 10 minutes to 2 hours per 
sample. Divided bar equipment is also expensive, especially equipment that can mimic 
in-situ conditions. 
In this study the divided bar method was used. The UND Geothermal Laboratory 
has three divided bar apparatus. There are two small Portable Electronic Divided Bars 
(PEDBs) that make measurements at low pressures and have limited temperature ranges. 
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Since they are portable, the PEDBs can be used both in the laboratory and in the field. 
The PEDBs also make measurements relatively quickly; requiring about 10 to 30 minutes 
per sample. The other, large, stationary divided bar is able to measure two samples at 
once and can mimic in-situ conditions up to about approximately 3 km in depth. The 
stationary divided bar can apply vertical pressure on the samples ranging from about 10 
psi to 10,000 psi and heat them to temperatures as high as 150 ⁰C. Confining pressure is 









Thermal conductivity of samples of a specific rock type can vary significantly, 
sometimes as much as ± 50% from commonly published ‘average values,’ from a value 
measured at a different site or even from another sample from the same site (Touloukian 
et al., 1981; NGDS, 2015; Beardsmore and Cull, 2001). This variability means that 
within a single formation the measured thermal conductivity of collected samples can 
differ by as much as a factor of two, or more. This variability can be caused by variable 
composition, thin laminations, impurities, fractures, compaction, crystal or grain 
orientations, temperature, fluid content, and other factors. Thermal conductivity can vary 
both horizontally and vertically, even over distances of less than a meter.  
I suggest that the large variability of thermal conductivity of each type of rock is 
evidence that we need more thermal conductivity measurements, especially in the areas 
of high geothermal interest. Unfortunately, constraints due to time, money or software 
limitations may not allow for measuring and using numerous thermal conductivities. 
Means or medians of published values are therefore commonly used. Measuring thermal 
conductivities is time consuming and expensive, making it unrealistic to ever have 
measurements made at all depths in all locations. Even if such data were available, it 
would not be logical to use that much data in every possible situation. Averaged or 
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estimated values are needed, but I also suggest that we need better ways of estimating 
thermal conductivity for sites that have no measurements yet or where obtaining samples 
is expensive or impossible.  
Hypotheses Statements 
It is possible to increase the availability of thermal conductivity data by finding 
ways to measure broken samples. It is also possible to increase the availability of thermal 
conductivity data by using GIS tools to generate site specific estimates using 
measurements from around the local region. Furthermore, it is important to increase the 
availability of thermal conductivity data because using inaccurate values in geothermal 
power production models could result in power generation prediction errors large enough 
to affect the potential funding of and the potential success or failure of geothermal power 
plant projects. 
Requirements for Using a Divided Bar 
The quality of the thermal conductivity measurements is also important. When 
accurate measurements, of properly prepared samples, are available it is more likely that 
accurate estimates can be made for the areas near where those samples came from. To 
obtain the most accurate measurements, samples should be core samples rather than 
outcrop samples, due to decompaction and weathering. Sample preparation, measurement 
tools and measurement methods used also affect the quality of the results.  
Focusing on the divided bar method of measuring thermal conductivity, due to the 
ability to replicate in-situ conditions, there are specific sample size requirements and 
limitations that have been the standard for the past 80 years. Unprepared samples must be 
large enough to create a circular disk that is has the same top and bottom dimensions, 
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±10%, as the heat sink and source in the divided bar they will be measured on 
(Blackwell, 1982). Prepared samples must have a diameter that is at least 10 times larger 
than the largest crystal or grain in the sample and also be at least 10 times as thick as the 
largest crystal or grain, but never less than 12.7 mm thick. (Blackwell, 1982). This 
minimum size requirement reduces the chance that the orientation of grains or crystals 
can substantially alter the measured thermal conductivity of a rock sample due to some 
minerals having variable thermal conductivity depending on the alignment of the mineral 









 perpendicular to that axis (Touloukian et al., 2001) so a 
large quartz crystal in a small sample could easily skew the measurement. However this 
creates a limitation on how large the crystals and grains in measurable samples can be 
since the prepared sample must not be larger than the heat source and heat sink in the 
divided bar, and building larger equipment is expensive and not always possible. Ideally 
the largest crystals or grains will be smaller than 1/10
th
 the diameter of the prepared 
sample so that the sample can be thinner than it is wide. If samples are too thick 
appreciable amounts of heat can be radiated from the side surfaces, changing the 
temperature drop across the sample, and thus the measured value for thermal 
conductivity, even though insulation is used around samples to limit this source of error. 
There is also a lower limit on sample thickness, due to error introduced by thermal 
resistance at the contact between the sample and the heat source and the heat sink; 
samples should be no thinner than 12.7 mm (Blackwell, 1982). Thermal contact 
resistance exists because phonon conduction can only occur in an atomic lattice so 
radiative energy transfer must take place at surface contacts. Irregularities in surfaces also 
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introduce gaps, which will be filled with air, or another fluid, further affecting heat 
transfer. As a sample thins the temperature drop across the sample decreases, which 
makes any temperature drop from thermal contact resistance a larger percentage of the 
measured temperature drop.  
Contact resistance is commonly reduced by polishing the contact surfaces to make 
them as flat and smooth as possible to increase contact area with the heat sink and source, 
and by using a viscous fluid such as petroleum jelly, aloe vera gel, or thermal paste (such 
as "Omegatherm 201" produced by Omega Engineering Inc.) on the contact surfaces. 
Using a gel or paste fills gaps between the copper plates and the sample and improves 
heat conduction since it is displacing the air that would otherwise be in the gaps, and the 
gels have substantially higher thermal conductivity than air. It is never possible to be 
certain no air pockets are trapped in the gels, and except for thermal pastes, the gels still 
have lower thermal conductivity than most rock samples, so contact resistance is never 
eliminated. Each gel option has different benefits. Aloe vera gel is inexpensive and is 
water soluble, so the samples can be easily cleaned after measurements are complete. The 
gel can dry up, however, reducing its effectiveness, if the measurements take too long or 
the temperatures are too high. Petroleum jelly is also inexpensive and will not dry up 
during normal measurement timeframes, however, it is not water soluble and will 
permanently fill pores near the surfaces of the sample to which it is applied. Thermal 
paste provides the best reduction in contact resistance, but is the most damaging to the 
samples. Thermal paste, generally used in electronics, is often a silicone gel filled with 
micro particles of aluminum or other high conductivity metals. Even with thermal paste, 
though, there is always some contact resistance, which limits how thin a sample can be 
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before the contact resistance skews the measurement results to an unacceptable degree 
(Blackwell, 1982).  
Proper sample selection and preparation combined with proper measuring 
technique results in reproducible results, within ±1%, when measured on the same 
equipment and within ±4% when measured at different laboratories on different 
equipment (Blackwell, 1982). Commonly, thermal conductivity measurements made on a 
divided bar are considered to be accurate within a margin of error of ±5%. 
Large grain size is not always the problem faced by researchers when measuring 
thermal conductivity; often rather than lacking equipment large enough to handle large 
samples, they lack samples large enough to measure on their equipment if they follow 
standard procedures. Core samples are expensive to obtain, and are therefore rare or 
unavailable from most parts of the world, and even when they are available, they are 
often fractured or even cut in half. Cutting core in half is a common practice when an oil 
company is required to provide core samples to a central repository, as it allows the 
company to keep half of the samples for themselves. The mechanical stresses of both the 
coring process and the sample preparation process frequently lead to crack growth and 
thus it is not always possible to cut a round disk of the proper dimensions for a lab’s 
specific divided bar equipment.  
Reducing the restrictions on sample size and shape, while maintaining the ability 
to obtain accurate thermal conductivity measurements, will increase the quantity of core 
available for thermal conductivity measurements and therefore would increase the 
quantity of quality thermal conductivity data available. The research presented in the 
following chapters shows that irregular samples can be used for thermal conductivity 
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measurements in a divided bar if correction equations are used. Although most of the 
sample preparation requirements are still valid, there is no longer a need to restrict 
measurements to circular samples and as long as the size of the crystals in the sample are 
not too large, the samples can be substantially smaller than was previously possible for 
any specific divided bar apparatus. 
Thermal Conductivity Estimates 
Even with access to a larger supply of core samples, due to reduced restrictions on 
sample size and shape, it is still time consuming and expensive to make thermal 
conductivity measurements and core samples are simply not available from all areas of 
interest. Estimates of thermal conductivity are necessary in many situations to allow 
research to proceed in a timely and cost effective manner. The use of Geographic 
Information Systems (GIS) to interpolate values in areas between sites with measured 
values is an effective method for obtaining reasonable estimates when data are available 
near a research site, but not from the site itself (Crowell, 2013). Using GIS is only helpful 
when there are enough measurements available; the larger the data set the more accurate 
the interpolation will be. It is important to note, however, that this method is only 
effective for local or site estimates, based on interpolations of local and regional data. 
Even within a site location, such as a single geothermal field, there are variations in 
thermal conductivity across a formation, but the larger the area being considered, the 
larger the variability that will be encountered.  
Using Thermal Conductivity Data 
Accurate and plentiful thermal conductivity measurements, or at least better 
methods for obtaining estimated thermal conductivity, are very important for the growing 
14 
geothermal industry. Not only are thermal conductivity data used in calculating heat flow, 
but they are also used in many modeling software packages which estimate things such as 
total geothermal potential, production capacity and thermal drawdown. Without more 
reliable data to input, the results from running geothermal simulations are not as accurate 
or reliable as they could be. Inaccurate model and simulation results will affect 
profitability projections and could make the difference between a geothermal power plant 








 In this chapter methods for measuring thermal conductivity are presented first, 
followed by the correction methods, since the correction methods require accurate 
measurement techniques and use the contact surface area of each sample in the correction 
equation, which is measured during sample preparation.  The method for making site 
specific thermal conductivity estimates then uses the corrected thermal conductivity data 
from locations in the region. This chapter then concludes with the methods used to 
quantify the effect of thermal conductivity errors on geothermal production simulations, 
which provides a measure of how important the proceeding three steps are. 
Measuring Thermal Conductivity on a Divided Bar 
 Measuring thermal conductivity using a divided bar is based on a constant 
flow of thermal energy through the sample of unknown thermal conductivity and through 
two standards of known thermal conductivity. Thermal couples are used to measure the 
temperature change across each standard and the sample, shown in Figure 2. Fourier’s 
Law of heat conduction,  𝑞 = 𝜆 (
𝑑𝑇
𝑑𝑧
)  is then applied to the standards and the sample. If 
the sample and the standards have the same surface area, Q is equal across all the layers 





) = 𝜆𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 ∗ (
𝑑𝑇
𝑑𝑧
) and we can solve the equation for the thermal 
conductivity of the sample. 
 
Figure 2. This is a thermal stack that has been prepared for insertion into the divided bar. 
Sample Q is a crystalline quartz sample that is actually used to calibrate the thermal 
conductivity values of the two polycarbonate standard layers. The copper layers have 
thermal couples embedded in them for measuring temperature gradients. Together these 
seven layers make up the “thermal stack”. This thermal stack is then placed between a 
heat source and a heat sink in the Divided Bar Apparatus. Measurements are taken when 
thermal equilibrium is reached. 
 For the divided bar method of measuring thermal conductivity to work it is 
essential that all the thermal energy flowing from the heat source into the thermal stack 
flows through each layer and reaches the heat sink. This requires limiting heat loss 
through the sides of the sample to the environment during the measurement process by 
insulating the thermal stack and restricting airflow around the equipment. A high level of 
precision and accuracy in sample preparation is necessary, so as to minimize the contact 
resistance between each layer, so that measured temperature drops are due primarily to 
thermal conductivity and thickness of the sample and the standards in the thermal stack 
rather than being due to air pockets between the layers. Most samples must also be 
completely saturated for accurate, in-situ condition measurements since, at depth, pore 
space is generally filled with water, brine or hydrocarbons. 
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 Sample preparation is accomplished in four steps: sample selection, sample 
sizing, sample polishing, and sample saturation. These steps are explained in more detail 
below. 
The first step is selecting and cutting a sample slab from a source rock, such as 
core sample or collected outcrop sample. The slab should be representative of the rock it 
is cut from, not a vein or lens or other special feature of the rock, unless measuring that 
feature is specifically desirable. Measuring multiple samples and averaging the results 
gives a more representative bulk thermal conductivity. A sample slab should generally be 
2.5 to 4.0 cm thick since it will be ground down thinner once sample preparation is 
completed, however the size of the largest grain or crystal in the sample must be taken 
into consideration. 
Step two involves sizing the upper and lower faces of the slab, hereby referred to 
as the contact surfaces. If the slab can be placed in the thermal stack of the divided bar in 
such a way that none of its contact surfaces extend past the edges of the copper disks, 
then step three of sample preparation can begin. If the slab does extend past the edges of 
the copper disks, then it must be trimmed down, or a larger divided bar must be used. If a 
sample extends beyond the edges of the copper disks, both computer modeling and 
laboratory experiments show that the resulting measurement will be inaccurate and will 
usually underestimate the thermal conductivity of the sample. 
Step three of sample preparation involves grinding and polishing the faces of the 
sample until the sides are perpendicular to the contact surfaces and the contact surfaces 
are parallel to each other, and smooth. Having the contact surfaces parallel means that the 
temperature gradient does not vary from one edge of the sample to another. Making all 
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the sides of the sample perpendicular to the contact surfaces insures that both contact 
surfaces have the same surface area, so the heat flow, which has units of W m
-2
, at the top 
face of the sample is the same as the heat flow value at the bottom of the sample. 
Polishing the contact surfaces can be accomplished with a fine grit lap wheel, although 
the preferred method in this study is to use a thin section polishing wheel. This allows for 
smooth, parallel surfaces where sample thickness always varies less than 0.1mm across a 
sample, and often less than .02mm. A flat, polished surface makes more physical contact 
with the polished copper disks than a rough, or curved sample surface would. Using a gel 
or paste to fill gaps between the sample and the copper disk does help reduce the contact 
resistance, but most rock has a higher thermal conductivity than either petroleum jelly or 
aloe gel, but a lower thermal conductivity than thermal paste, so it is better to have as 
much contact between the sample and the copper disk as possible to improve the 
accuracy of the measurements. 
Step four of sample preparation is to saturate the sample with water. First the 
samples, usually a few at a time, are placed in a vacuum chamber for 24 hours which 
removes most of the air from the pore space, even in low porosity, low permeability 
rocks. Without removing them from the vacuum, the chamber is then flooded with water, 
submersing the samples. Once all the samples in the chamber are submersed, the 
container is opened to the atmosphere so that water is forced into the pore spaces by the 
pressure differential. Some laboratories then place the submerged samples into a pressure 
chamber to help insure quick saturation of very low permeability. When only 
atmospheric pressure is used, such as at UND, the samples are kept submerged for at 
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least 24 hours before any measurements are made, which gives time for water to 
penetrate the whole sample. 
Between step three and step four the samples are carefully measured. Sample 
thickness, edge lengths, chords and diagonals are measured with digital calipers, to the 
nearest 0.01mm. The sample is weighed before the saturation process, to the nearest 0.01 
grams. After step 4 is complete, before thermal conductivity is measured in the divided 
bar the size of the sample is checked again and the mass is measured. Re-measuring the 
dimensions of the sample tells if there was any expansion or decompaction during the 
saturation process, which can be an issue with sedimentary rocks with a high clay 
content. The two mass measurements allow for the calculation of absolute porosity, 
which although not necessary for a basic whole-rock thermal conductivity measurement, 
is useful if calculating matrix conductivity from the whole-rock conductivity. 
Measurements of Irregular Samples on a Divided Bar 
If a sample can’t be obtained that is large enough to prepare a disc as large as the 
standards then, although the energy flowing through the thermal stack per unit of time is 
constant, heat flow (Q) is not. Heat flow is energy flow per time per unit of area (W m
-2
). 
If heat flow is broken into power (Watts) and Area (m
2
) it is possible to rearrange 
Fourier’s Law: 𝜆 ∗ (
𝑑𝑇
𝑑𝑧
) ∗ 𝐴𝑟𝑒𝑎 = 𝑝𝑜𝑤𝑒𝑟 so that it can still be used when the areas 
involved are not all equal. An important aspect of this equation is that not only can the 
samples can be smaller, but they do not have to be circular, as long as the contact surface 
area can be measured accurately. In the tests, described below, although some of the 
samples had contact surfaces which were circular, many were semi-circles, wedges, 
triangles and other polygons. These varied shapes were a natural result of cutting the 
20 
samples into successively smaller pieces for re-measurement, but correlate well to what 
happens if a core sample fractures and is no longer circular. Contact surface area was 
easily calculated for the irregular shapes by measuring edges, chords and diagonals using 
digital calipers. 
The temperature gradient across one standard is rarely exactly the same as across 
the other standard, so both values, averaged together, need to appear in the final form of 
the equation. The thickness (∆z) of both standards is identical in most divided bar 
apparatus, including the ones at UND, so only a single ∆𝒛𝒔𝒕𝒂𝒏𝒅𝒂𝒓𝒅 term is used. If the 
standards are different thicknesses then an average would again be needed. Thus the 




).                [1] 
This equation, hereby referred to as equation 1, was tested by measuring thermal 
conductivity of progressively smaller samples of two materials; fused silica and 
crystalline limestone. Fused silica was chosen because, as a man-made substance, it is 
homogeneous and it was readily available in specific sizes and thicknesses. A section of 
crystalline limestone core was chosen for its small crystal size and relative homogeneity, 
based on visual inspection. Testing a relatively homogeneous, monomineralic rock was 
important for reducing the error that can be introduced by inclusions and laminations and 
for removing the possibility of uneven mineral distribution. Small crystal size was 
important for increasing the number of crystals present which limits the effect of the 
orientation of individual crystals of an anisotropic mineral can have on the measured 
thermal conductivity values. 
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The limestone core was cut into discs, and the contact surfaces were made parallel 
and then polished. After the thermal conductivity of each disc was measured the discs 
were each cut into two, unequal, non-circular pieces. Each piece was measured in the 
divided bar and then cut again into two unequal pieces. The resulting pieces were 
measured for thermal conductivity and then set aside. All the limestone thermal 
conductivity measurements were made without saturating the samples. Keeping the 
samples dry is not standard procedure for characterizing the in-situ rock properties, 
however for this study it was preferred. Keeping the samples dry insured there was no 
inconsistency introduced by samples dehydrating during the multistep process, yet 
samples did not need to spend 48 hours being re-saturated between each measurement. 
Fused silica discs were available in 3 different diameters and 3 different thicknesses. The 
silica discs were not cut, and cannot be saturated due to zero porosity and zero 
permeability. 
Each silica disc and each piece of limestone was brought to thermal equilibrium 
over a period of at least two hours in the divided bar. Thermal equilibrium was 
determined by taking 100 sets of temperature measurements over a period of 20 minutes 
and using the first 15 and last 15 measurements to calculate thermal conductivity values. 
If there is less than 0.5% variation in the two calculated values, the sample is considered 
to be at thermal equilibrium, at which point a new set of 100 measurements is started and 
those 100 measurements are used to calculate 100 thermal conductivity values and those 
are averaged together and reported as a single measured value. Every measurement 
presented in this study is therefore actually an average of 100 individual thermal 
conductivity measurements and an example can be seen in Appendix A. The same 
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thermal equilibrium check is done on the 100 measurements used for the reported value 
so that if any equipment anomalies occurred the data will not be reported and new 
measurements is initiated. This equilibrium check method is the standard procedure I 
designed and implemented for the high pressure divided bar at the UND Geothermal 
Laboratory.  
When using the PEDBs, equilibrium is checked for visually by examining a 
constantly updating graph of some of the parameters being measured. When the graph 
has been stable for about a minute it is assumed that the samples have reached 
equilibrium. The PEDBs were not used for this portion of the study since they have their 
own custom software, which does not provide the raw temperature data to use in 
equation 1. The PEDB software only provides a final thermal conductivity value for each 
sample. 
Detecting Spatial Trends in Thermal Conductivity 
Thermal conductivity measurements have been presented in many publications, 
with discussion of how values vary within the study areas. The relationship between 
variations in thermal conductivity and other properties such as porosity or accessory 
mineral content has been examined. In one study, thermal conductivities of sandstones 
were found to vary linearly with porosity (McKenna et al., 1996).  The relationship 
between thermal conductivity and depth has been recognized in clastic and carbonate 
rock and is due to changes in pore space and grain size caused over time by the pressure 
(Gosnold and Huang, 1987). Within a single borehole, however, the thermal conductivity 
may not continually increase with depth, even in the same rock type. 
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 By mapping thermal conductivity measurements across a region and interpolating 
the values, spatial trends become visible. Other attributes, such as the depth the samples 
came from, can also be mapped to show regional changes in relationships which are not 
detectable in spreadsheets or graphs. Spatial mapping allows for more realistic estimates 
of thermal conductivity in areas where no measurements have been made. More accurate 
input for models requiring thermal conductivity can therefore be determined. 
Thermal conductivity data was mapped for 318 core samples, obtained from the 
Wilson M. Laird Core Library. Rock type, formation, depth, latitude and longitude were 
recorded for every sample. Many of the samples had porosity calculated and a few had 
full rock descriptions recorded. These data were stored in an Excel spreadsheet for easy 
sorting and the data were imported to an ArcGIS geodatabase.  
Many ways of sorting and clustering the data were tried. Only three rock types 
had measurements from more than four wells, limestone, dolostone and shale. Only two 
formations, the Madison and the Pierre, had measurements from more than four separate 
wells. Only these three rock types and two formations were mapped, although the 
samples from the Madison included limestone, dolostone and anhydrite samples, and the 
anhydrite measurements were included on one map. All of the samples from the Pierre 
were shale. The data were divided into the following subgroups to test for spatial trends: 
a group of all the measured limestone samples, a group of all the measured dolostone 
samples, a group that included both the dolostone and the partially dolomitized samples, 
a group of only the Madison limestone, a group of only the Madison dolostone, a group 
that included every Madison sample and a group of the Pierre samples. Table 1 shows 
how many samples were in each subgroup. 
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all dolostones and partially dolomitized rock 82 
Madison - limestone 21 
Madison - dolostone 31 
Madison - all measured samples 60 





 The thermal conductivity data were interpolated using the Inverse Distance 
Weighting (IDW) method with a power value of 2 and taking into account the nearest 12 
data points. This interpolation method was chosen partly based on the size of the data sets 
being used and partly because it is more logical for the thermal conductivity estimate for 
a given cell to be more similar to measured samples nearby than samples at great 
distances since the depositional environment and burial conditions are more similar to 
those nearby. Variations in thermal conductivity from rock alteration caused by 
groundwater flow can also be estimated that way. 
 ArcGIS had problems interpolating the data properly since there were multiple 
data points with the exact same coordinates, due to coming from the same well. To 
compensate for this and allow more accurate interpolations I treated the wells as slightly 
inclined rather than perfectly vertical. I offset the latitude of each sample from the same 
well by 0.00001 degrees, which equates to approximately one meter in the Williston 
Basin. The other option considered was to simply average the measurements for each 
well and map one value per location. The option which allowed all the measurements to 
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be mapped was chosen since the thermal conductivity of rock from a well with six 
measurements should be considered more reliable and more representative than at a well 
with just 1 measurement and if average values had been used then every well would have 
been weighed equally. 
 Seven maps of thermal conductivity were made and six additional maps were 
made that showed the depth from which the samples were retrieved. Thermal 
conductivity tends to increase with burial depth, due to compaction, so comparing the 
sample depth map with the thermal conductivity map makes it possible to tell if the 
variations in conductivity are due simply to compaction or if there are other factors 
involved. There was no sample depth data recorded for the Pierre shale samples, so a 
depth map could not be generated for the Pierre. 
Effect on Geothermal Well Production Temperatures 
 
Modeling a paired geothermal injection and production well in a sedimentary 
basin allows individual input values to be altered to quantify how much error could be 
introduced to a production model if incorrect thermal conductivities are used. A 
simplified stratigraphic column, representing a hypothetical section of the Williston 
Basin is shown in Figure 3. The column was constructed using average formation rock 
types and average formation thicknesses from the North Dakota Stratigraphic Column 
and (Murphy et al., 2009). The result was a 3360 meter column with 19 layers, of varying 
thicknesses. Each layer represents either a single formation or a series of formations with 
similar bulk composition. Seven rock types were used in the model, shown in Table 2. 
Water was used as the geothermal fluid, rather than brine, to further simplify the model. 
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Figure 3. Simplified stratigraphic column used for the 3D geothermal production model. 
This column is based loosely on the North Dakota portion of the Williston Basin. 
 
Table 2. Rock types and baseline thermal conductivities used in the geothermal model. 
These thermal conductivities are averages of core samples measured using a divided bar 
apparatus, except for water. 
 
  

















The modelling software used was a finite difference model, called ARC, which 
calculates temperature and heat generation for each cell as well as heat transfer to and 
from surrounding cells in the model approximately once for every two simulated minutes 
for the simulated duration. For this project each production run was a 30 year simulation. 
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Thirty year simulation times were chosen to emulate the expected lifespan of a low 
temperature geothermal power plant system. Each 30 year simulation took approximately 
four hours of computing time and the 10,000 year simulations, used for finding the 
baseline thermal profile, took 24 hours of computing time. Thermal capacity, density, 
thermal conductivity, radiogenic heat production, starting temperatures, water flow 
speed, water flow direction and cell size are set for each individual cell in the model. A 
100 x 121 x 11 cell model was built representing a 73 m thick slice, 794 m long and 
3,360 m deep. The model ground surface was held at a constant 10 ⁰C. Heat flow at the 
lower boundary of the model was held constant at 75 mW m
-2
, which is slightly higher 
than most of the heat flow measurements in the Williston Basin, but still lower than the 
highest recorded value of 87 mW m
-2
 (NGDS, 2015). 
Radiogenic heat generation was set to zero for all the layers in the model except 
the shales. Specific measurements of radiogenic heat production from cores from the 
basin were not available, other than a few shale samples, which were found to produce 
about 2.0 μW m
-3
. This heat production value was applied to all the shale layers in the 
model since it fell within published ranges for shale in general (Rybach, 1986; Keen and 
Lewis, 1982). Heat generation in other sedimentary rocks can vary from almost zero up 
to a few μW m
-3
 (McKenna and Sharp, 1988). The heat flow at the lower boundary of the 
model was adjusted to make up for using heat production values of zero for most of the 
layers. The heat flow value of 75 mW m
-2
 was chosen for the lower boundary of the 
model by repeatedly running the model for simulated 10,000 years cycles with different 
heat flow values until one was found which maintained a steady state temperature of 
130°C at the base of the model. The temperature of 130 °C was chosen because it is the 
28 
median temperature 3km deep in the Williston Basin (Crowell et al., 2011). These 
parameters resulted in the reservoir rock ranging from 67 ⁰C at its top to 103 ⁰C at its 
base. 
The injection and production wells, although not circular in the model, equate to a 
pipe with a 22.6 cm (9 inch) diameter. Injection and production rates were held constant 
at 38 L s
-1
 (600 gallons per minute) over each 30-year run. The water was injected at a 
constant 40 ⁰C (104 ⁰F) into a limestone aquifer extending from 2,100 m at its top to 
2,660 m deep at its base. The injection and production wells were located 400 m apart, 
centered in the 73 m x 794 m ground surface of the model. For simplicity of modeling, 
and to be presenting a worst case scenario, water flow paths were designed as four short-
circuits rather than an extensive crack network. The short circuits were four large linear 
‘cracks’ that were 10 cm tall x 10 cm wide x 400 m long. Cells near the injection and 
production wells, as well as cells near the ‘cracks,’ were given reduced width and height 
and thickness to improve model accuracy by reducing the error introduced by the decimal 
place limits and rounding in the software. Cell size was gradually increased moving away 
from the pipes and ‘cracks’, with most of the cells in the model being 10m wide and 50m 
tall. The thickness of the 11 slices, and therefore the cells in each slice, decreased from 
20m thick in the front and back slices down to 10cm thick in the slice containing the 
wells and cracks. Figure 4 shows the center slice, containing the wells and ‘cracks’ after 
eight years of pumping. Because every cell is visually the same size, despite representing 
different dimensions, it gives the appearance that the reservoir is about half of the basin 
rather than less than one sixth. The thickness of the limestone reservoir can be seen to 
scale in the stratigraphic column image above in Figure 3. 
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Figure 4. Screen capture of the running ARC model showing wells and crack network. 
The wells and cracks are in the center layer of the 11 layer 3D model. 
 
For each rock type in the model, an average thermal conductivity was used, 
although the averages were from my measurements of core samples from the Williston 
Basin rather than from published lists. Water flow was then initiated in the injection and 
production wells, as well as through the short circuits and the model was run for 30 years 
to obtain a baseline production temperature. Thermal conductivity values for three of the 
rock types in the model were then altered incrementally to determine the effect on a 30 
year production run. The model reached a quasi-steady state production temperature 
within the first few months of the 30 year run with production temperatures changing less 
than 2 degrees from year 1 to year 30. Table 3 shows each run and what thermal 
conductivities were changed. In each model run, any rock types not listed for that run in 
table 3 were using thermal conductivity values from Table 2. 
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Table 3. Thermal conductivities changed in each simulation run. 
 











TC % change from 
average 
    
    
1 none (base line) - - 
2 Limestone 3.50 + 40% 
3 Limestone 3.00 + 20% 
4 Limestone 2.00 - 20% 
5 Limestone 1.50 - 40% 
6 Limestone and Sandstone 3.50 and 2.24 + 40% 
7 Limestone and Sandstone 3.00 and 1.92 + 20% 
8 Limestone and Sandstone 2.00 and 1.28 - 20% 
9 Limestone and Sandstone 1.50 and 0.96 - 40% 
10 Shale 0.96 - 20% 
    
 
Limestone was chosen to be one of the rocks varied because it was the reservoir 
rock and because of the rock types in the basin, limestone and sandstone tend to have the 
most thermal conductivity variability. Published thermal conductivity measurements of 




, so all the thermal conductivity values used for 
limestone in the model are possible (Touloukian et.al., 1981). The average thermal 
conductivity measured for the sandstones in the Williston Basin was lower than 
previously published compilations of sandstone thermal conductivity, which ranged from 




 (Touloukian et al., 1981; Beardsmore and Cull, 2001). A lower than 
average baseline sandstone thermal conductivity meant that when the value was reduced 
by 20% and 40% for the model it resulted in an unrealistic thermal conductivity for 





, which is plausible for a sandy shale, but not for a sandstone. The purpose 
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of the model was to test the effect of errors though, so it was deemed a reasonable value 
to use for this project. 
  Limestone has such a wide range of thermal conductivity due to the presence or 
absence of silty laminations, varying amounts of dolomitization, other impurities, and 
varying porosity. The thermal conductivity of sandstone can vary based on mineral 
content, cement type, compaction and other factors. The thermal conductivity of the shale 
in the model was varied in one run to see if changing the conductivity of insulating layers 
above a reservoir had more or less effect on production temperature than changing the 
thermal conductivity of the reservoir itself. 
Effect on Power Production Estimates 
 
To calculate the potential financial effect of the production temperature changes 
being modeled the results of the low temperature ORC power plant optimization modeled 
by Kirtipal Barse, in 2014, were used. However, rather than looking at constant 
geothermal water temperatures and fluctuating cooling water temperatures as Barse did, 
constant temperature for the cooling water was assumed with fluctuating geothermal 
water temperatures. This assumption would not give accurate results over large 
temperature ranges, due to the working fluid properties, but for the purposes of this study 
only a small temperature range is being considered which is well within the model limits 
examined by Barse. For simplicity sake, it is also assumed that the temperatures remain 
below the efficiency pinch point for the working fluid and power plant equipment being 
modeled. 
 In Barse’s modeled system, when the geothermal waters being produced were a 
constant 164⁰F (73⁰C) and cooling water temperatures ranged from 40⁰F to 80⁰F the 
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power produced ranged from 250kW down to 130kW (Barse, 2014). Barse’s geothermal 
water temperature is only 5 to 10⁰C hotter than the production temperatures in my model, 
so I made the assumption that I could use his results to get a general sense of how much 
effect the temperature changes I modeled would have on electrical power production, and 
therefore gross income. 
I calculated the percent change in power production for each change in ∆T. After 
converting the ∆T values into Celsius I divided the percent change in power production 
by the changes in ∆T to find the percent change per degree Celsius. At a steady purchase 
price any percent change in power production results in an equal percent change in gross 
income, however actual change in profitability depends on many other factors outside the 






 The result of developing corrections for the measurement of irregular sized 
samples, discussed in section 4A, is that more samples can be measured, increasing the 
size of the known data set. Increasing the size of the data set both decreases reliance on 
estimates and improves the reliability of estimates that are made using the GIS techniques 
presented here in section 4B. Access to more data and more reliable estimates allows for 
more accurate modeling of geothermal well production, and section 4C of this chapter 
discusses the error in modeled production temperatures that could be avoided with 
accurate thermal conductivity data and section 4D discusses the financial impact.  
Thermal Conductivity Measurements and Corrections  
Measuring the thermal conductivity of core samples and outcrop samples is an 
ongoing task at the UND Geothermal Laboratory, but developing the equations for 
measuring irregular sized and shaped samples has allowed for many more measurements 
to be completed. 
To verify the effectiveness of the correction equation and eliminate the possibility 
that my results were specific to a specific size of equipment the silica and limestone 
samples were measured using the same divided bar apparatus, but with 2 different 
thermal stack sizes. Thermal conductivity was calculated using equation 1, but since 
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fused silica and crystalline limestone have different thermal conductivities, the 
measurements were normalized. The data were normalized by dividing each fused silica 









which were the average measured thermal conductivity values of the samples which had 
the same contact surface area as the copper discs in the thermal stack. The size of each of 
the samples was also normalized as a percentage, hereby called Area%, by dividing the 
size of the sample by the size of the standards and copper discs in the thermal stack used 
for each measurement. This allows the measurements done on different size thermal 
stacks to be compared directly, and also allows for the development of a single correction 
equation, regardless of equipment size. 
 
Figure 5. Plot showing normalized thermal conductivity vs. Area%. Each of the 45 
samples was measured twice, once in thermal stack A and once in thermal stack B in the 
large stationary divided bar, and thus shows up on this plot twice, although often the 

























Figure 5 is a plot of the measured thermal conductivity of the samples vs. the 
Area% of each sample. The plot shows that for samples above 50% area% the thermal 
conductivity measurements are consistent with a margin of error of about ± 0.5%. The 
plot also shows that for samples smaller than 50% area% there is increasing skew in the 
measured values as size decreases. 
 
Figure 6. Plot showing data and curve used to generate the Correction Factor. This plot 
shows all of the limestone and fused silica samples with an Area% less than 80%. The 2
nd
 
degree polynomial best fit curve is the basis of the correction factor. 
 
A best fit curve for the measurements below 100% area% was used to create an 
empirical correction factor, shown in Figure 6. The correction is a second degree 
polynomial and should only be applied to samples smaller than 50% area%, no correction 
is required for samples above 50% area%. The equation for calculating the correction 
factor (CF), where x is the area% of the sample, is: 
 𝐶𝐹 = 1.37𝑥2 − 1.73𝑥 + 1.56  






























Area% of samples 
Calculating the Correction Factor 
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Dividing the thermal conductivities, calculated using equation 1, by the CF, results in 
thermal conductivity measurements that have the same mean as the measurements of the 
larger samples, as shown in Figure 7. The uncorrected and the corrected thermal 
conductivities can be seen in Appendix B. Although the CF was calculated using 
normalized thermal conductivities, it is not necessary to normalize thermal conductivities 
before applying the CF. It is important, however, that equation 1 is used before the CF is 
applied.   
 
Figure 7. Plot showing thermal conductivity values after correction. The values for all 45 
limestone and fused silica samples are shown, no longer normalized. Samples with an 
area% less than 50% were corrected using the CF. 
 
Mapping Spatial Trends in Thermal Conductivity 
Although the current measurements do not give complete coverage across the 
basin, there are some initial trends visible which will be tested as more data is collected. 
The Madison group is made up of three formations; from youngest to oldest they are the 
Charles, Mission Canyon and the Lodgepole. The Charles has alternating layers, with 



































anhydrite and the carbonates vary from partially dolomitized limestone to dolostone. The 
Mission Canyon has intertongued anhydrite and limestone, with varied levels of 
dolomitization. The Lodgepole contains limestone with minimal dolomitization, however 
some of the limestone has substantial silt content. Almost all of the Madison Group core 
samples measured were from the Mission Canyon and the Lodgepole and there appears to 
be a north-east to south-west trend of increasing thermal conductivity for both the 
limestone (Figure 8) and the dolostone (Figure 9); however, if all of the measured rock 
samples from the Madison are mapped together (Figure 10), there is no trend in thermal 
conductivity. When the thermal conductivities of dolostone from all the sampled 
formations are mapped together (Figure 12), there appears to be a rough trend, similar to 
the Madison dolostone trend; however, if all the partially dolomitized rock samples are 
combined with the dolostones (Figure 13), the trend is gone. Mapping all of the limestone 
conductivities from all the sampled formations (Figure 11) does not show any discernible 
trends. 
The depths from which the samples were taken were also mapped and 
interpolated for comparison and identification of the trend of increasing thermal 
conductivity with greater burial depth. This portion of the Williston Basin is deeper to the 
south west and shallower to the east, and this trend is clearly visible in all the images 
showing sample depths. These interpretations are still preliminary, since more samples 
are needed from wells located in the north-west, central and south-east portions of the 




Figure 8. Maps showing thermal conductivity and depth for Madison limestone. Thermal 
conductivity is on the left and depth to samples is on the right. 
 
 
Figure 9. Maps showing thermal conductivity and depth for Madison dolostone. Thermal 
conductivity is on the left and depth to samples is on the right. 
 
 
Figure 10. Maps showing thermal conductivity and depth for all Madison samples. 




Figure 11. Maps showing thermal conductivity and depth for all limestone samples. 
Thermal conductivity is on the left and depth to samples is on the right. 
 
Figure 12. Maps showing thermal conductivity and depth for all dolostone samples. 
Thermal conductivity is on the left and depth to samples is on the right. 
 
 
Figure 13. Maps showing thermal conductivity and depth for all dolomitized samples. 
Thermal conductivity is on the left and depth to samples is on the right. 
 
 
Effect on Geothermal Well Production Temperatures 
 
Table 4 shows the changes to thermal conductivity and resulting changes in production 
temperature for each simulation run of the model. A complete portfolio of simulation 
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results, slice by slice, is in Appendix C. Figure 14 shows how production temperature 
changes as the thermal conductivity of the reservoir is changed in the model.  
Table 4. Thermal conductivities changed and the resulting production temperatures. They 





























% change in 
Temperature 
 
1 none (base line) - - 66 (base line) 
2 Limestone 3.50 + 40% 68 3.03% 
3 Limestone 3.00 + 20% 67.1 1.67% 
4 Limestone 2.00 - 20% 64.45 -2.35% 
5 Limestone 1.50 - 40% 62.3 -5.61% 
6 Limestone and Sandstone 3.50 and 2.24 + 40% 67.2 1.82% 
7 Limestone and Sandstone 3.00 and 1.92 + 20% 66.7 1.06% 
8 Limestone and Sandstone 2.00 and 1.28 - 20% 64.9 -1.67% 
9 Limestone and Sandstone 1.50 and 0.96 - 40% 63.2 -4.24% 
10 Shale 0.96 - 20% 66.3 0.45% 
      
 
 
Figure 14. Plot showing effect of thermal conductivity on production water temperature. 
Only the reservoir changes are shown; run #s 1 through 5 from Table 4. 
 
Effect on Power Production Estimates 
Using the Barse’s model as the basis for my analysis, electrical power production, 
and therefore gross income, could vary by between 2.45% and 4.15% per degree Celsius 
change in production temperature when a small, low temperature ORC system is being 
used. Table 5 shows the percent change in power production, per degree C, over the 
























Thermal Conductivity of Reservoir Rock (W m-… 
Effect of Thermal Conductivity on 
production Temperature 
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%change per ⁰C 
 
     
84 28.89 130 
  94 34.44 160 23.08% 4.15% 
104 40.00 190 18.75% 3.38% 
114 45.56 220 15.79% 2.84% 
124 51.11 250 13.64% 2.45% 
     
 
With simulation results showing produced water temperatures that vary from 2 ⁰C above 
to 3.7 ⁰C below the baseline production temperatures errors in predicted electrical 










Thermal Conductivity Measurements and Corrections 
Divided bars are the only one of the three methods described that measure 
samples at in-situ like temperature and pressure conditions. However, as mentioned 
previously, it is not always possible to obtain samples large enough to prepare a classic 
circular, disc shaped sample that is the same size as the heat sink and heat source contact 
surfaces in a divided bar. Proving that samples of other sizes and shapes can be measured 
reliably has allowed for many more measurements to be made in the UND Geothermal 
Laboratory, and could allow more measurements to be made at labs around the world. 
This study proved that the shape of the samples did not affect the measurement 
results, as long as the two contact surfaces are flat and parallel and the sides were 
perpendicular to the contact surfaces. Discs, wedges, squares and triangles all gave the 
same results, within the acceptable margin of error, when using equation 1 as long as they 
were not smaller than 50% area%. Accurate measurement of the surface area is important 
however, since the calculated thermal conductivity is inversely proportional to the contact 
surface area of the sample. For the very small samples, less than 50% area%, an 
additional correction is required since as the samples get smaller there is an increasingly 
large error in the thermal conductivity measurements. The reasons for the increasing error 
when the samples get very small include radiative heat transfer between the copper plates 
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containing the thermal couples, an increase in the ratio of the surface area of the sides of 
the sample, where heat is radiated, to the area of the contact surfaces and the increasing 
relative effect of minor inclusions variations in crystal orientation.  
Applying the CF to small samples will correct the measurements to average the 
same as the measurements of the larger samples, within the known margin of error. 
However, due to the parabolic shape of the curve, if this correction factor is applied to 
samples larger than 50% area% it will introduce error and give erroneous results. Figure 
7 shows that using both equation 1 and the CF on the raw data results in a zero slope best 
fit line, indicating very consistent results. The scatter in the measurements of the smallest 
limestone samples is much greater than the scatter seen in the measurements of the fused 
silica samples, which vary only due to experimental error. It is presumed that the larger 
scatter in the measurements of the limestone is a result of inclusions, laminations and 
preferred crystal orientations being unevenly distributed in the small pieces, which 
explains why the data points are evenly spread above and below the average thermal 
conductivity. The CF can account for the constant errors, such as those introduced by 
radiative heat transfer and heat loss from the sides of the samples, but not for variations 
in individual rock sample properties. The data scatter is present in the corrected 
measurements of the limestone samples and not in the fused silica samples because 
natural rock can never be completely homogeneous and as sample size decreases the 
effects of variations are increased. This suggests that although measuring a single small 
sample may not result in completely accurate thermal conductivity values, if a core 
sample is fractured then preparing and measuring the pieces and averaging the thermal 
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conductivity measurements will give the same final result as measuring a single large 
sample would have given, within the known margin of error, as long as the CF is applied. 
Spatial Trends in Thermal Conductivity 
 
Preliminary analysis indicates that the thermal conductivity values for a single 
rock type within a single formation show trends as you move across the basin; however, 
combining thermal conductivities from rocks of more than one formation, or from 
combined rock types from a single formation, does not result in any identifiable trends. 
The trends of increasing limestone thermal conductivity and dolostone thermal 
conductivity across the Madison roughly relate to the increasing depth of the samples, 
which is due to the shape of the basin, as show in Fig 7 and 8. Although it is not a perfect 
correlation and the highest conductivity dolostone samples from the Madison formation 
were not from a deep core, the trend is detectable and can be used to predict values for 
nearby regions of the Madison which have not been measured yet. 
When all of the dolostone measurements are considered, regardless of which 
formation the samples came from there is a general trend of increasing thermal 
conductivity to the south west (Figure 12), matching the trend in the depths of the 
samples, with anomalous conductivities in only one well. As more samples are measured 
across the basin it will be possible to see how well the thermal conductivity of dolostone 
follows the trend, or if the trend disappears when considering multiple formations 
together. If conductivities for all of the dolomitized rocks are combined with the 
dolostone measurements the trend completely disappears (Figure 13), showing that 
mineralogy variations have more effect on thermal conductivity than depth and thus 
pressure and temperature. 
45 
When all of the limestone samples are considered (Figure 11), regardless of which 
formations they came from, there is no trend in the thermal conductivities even though 
the depths of the samples still show the trend of deepening to the south west. This 
indicates that more factors than depth are affecting the thermal conductivity of limestone, 
and as such, measured values from one formation should not be applied to another 
formation. Many of the limestone samples measured have fine laminations or accessory 
minerals present, which are related to depositional regimes, not burial depth; thus, it is 
logical for trends in the thermal conductivity of limestone to exist within a formation, but 
not across formations. 
Effect on Simulated Geothermal Well Production  
The assumptions and simplifications of parameters in the geothermal well 
production model are intended to be conservative and better isolate the effects of varying 
the thermal conductivity, so that the results do not overstate the effect being tested. One 
thing which was not done, but may seem like an oversight, is that a new thermal 
equilibrium profile was not generated for each set of thermal conductivities used in the 
model. The reasoning behind this is that often a temperature profile is known, or at least 
estimated from a bottom-hole temperature, so no matter what thermal conductivities are 
used in a model, the initial temperature profile will be based on measured values and will 
not change even if incorrect thermal conductivity estimates are chosen. I therefore kept 
the same initial temperature profile for every test run and only altered the thermal 
conductivities, to better represent how an incorrect value could affect the results, 
independent of all other model parameters. 
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As thermal conductivity of the reservoir was changed the temperature of the water 
at the production well head changed in the direction expected, but it is important to note 
that there was not a linear relationship between the thermal conductivity and the 
production temperature. Figure 15 shows the relationship between thermal conductivity 
and output temperature. When considering the thermal conductivity of the reservoir rock, 
each increase resulted in a smaller and smaller increase in modeled production 
temperature, meaning that a larger error is introduced by under estimating reservoir 
thermal conductivity than by over estimating it. The reverse trend applies when 
considering the thermal conductivity of layers above the reservoir, due to the insulating 
effect, as seen by how changing the conductivities of the sandstone layers above the 
reservoir affected the modeled production temperature. When they were increased with 
the limestone, or decreased with it, the changes in modeled production temperature were 
dampened slightly. If the sandstone conductivity was reduced, at the same time as the 
limestone conductivity was increased, then a larger increase in predicted production 
temperature would result. When the thermal conductivity for the shale layers above the 
reservoir were lowered the production temperature increased. 
Although this model was run at low temperatures, such as are seen in the 
Williston basin, it is logical that the same trends will hold for any temperature resource. 
More work needs to be done to test if errors in thermal conductivity have a greater or 
lesser effect as resource temperature increases by running similar models with higher 
temperature gradients. It is expected that the effect will be greater as temperature 
increases. If multiple layers in a model have incorrect thermal conductivities assigned it 
is possible that the errors will cancel each other out and it is possible that the error will be 
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larger, like constructive or destructive wave interactions, potentially resulting in errors 
greater than the 5.6% observed in this model. In reservoirs with temperatures in excess of 
250⁰C, it is not unreasonable to assume errors in thermal conductivity estimates will 
result in models with production temperature errors of 10 ⁰C (4%), or more. 
 A low temperature system was examined for electrical power production changes 
due to production water temperature changes (Barse, 2014) and as the ∆T increased there 
was a smaller %change in power production. It therefore follows that although errors in 
thermal conductivity will result in larger errors in modeled production temperature when 
high temperature geothermal systems are modeled than when low temperature systems 
are modeled, each ⁰C of error will have a smaller impact on electrical power production 
as temperatures increase. However, production temperature errors in excess of 10⁰C 








Thermal conductivity of irregularly sized and shaped rock samples can be reliably 
measured using a divided bar apparatus using equation 1, unless the samples are less than 
half the size of the standards in the thermal stack. For samples smaller than 50% area%, 
thermal conductivity measurements can be corrected by dividing the results of equation 1 
by a correction factor. The corrected limestone thermal conductivities had a greater 
degree of scatter than the corrected fused silica thermal conductivities, which indicates 
that the scatter was not due simply to random measurement error, but rather due to the 
inhomogeneity of the rock. This suggests that although the correction works for 
correcting the average of several small samples, it is not reliable to use a single 
measurement of a very small sample as an absolute representation of the thermal 
conductivity of the rock in the formation as a whole. 
The argument could be made that all of our samples are very small and therefore 
not representative of a whole formation. However, if samples are substantially larger than 
the crystals or grains in the samples, if multiple samples are measured and if the 
measurements are averaged, then the result will be a very good local thermal conductivity 
value for the formation being characterized. To characterize a formation on a larger scale, 
measurements will need to be made at multiple locations. 
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 There is preliminary evidence of thermal conductivity trends in the Madison 
limestone and Madison dolostone. More thermal conductivity measurements will 
continue to be made at the UND Geothermal Laboratory and as more complete data set 
for the Williston Basin is achieved, I plan to compare the new measurements to the 
values predicted by the existing interpolations before new interpolations are generated 
from the expanded data set. By tracking how well the predicted values match new 
measured values it will be possible to determine how dense a data set needs to be before 
it reasonably predicts thermal conductivities on a local scale. Once a data density 
requirement is understood the technique can be applied to other basins and will allow for 
more detailed input into many other modeling projects. 
This work shows that using inaccurate thermal conductivity values when 
modeling a geothermal system can result in substantial errors, greater than 5%, in 
geothermal well production temperature estimates. When production temperatures are 
under estimated it could result in project cancelation, with investors incorrectly assuming 
the resource is not worth developing. When production temperatures are over estimated it 
could waste time and money developing a site that will never be profitable. Having more 
thermal conductivity measurements publicly available and having better methods of 
estimating thermal conductivity in specific places is vital, otherwise large levels of error 
and uncertainty are introduced to geothermal production models. If thermal conductivity 
data or estimates do not improve the potential exists, in a low temperature geothermal 
system, to err in power production estimates by as much as 15%, based on the discussed 
ORC power plant model (Barse, 2014). 
50 
 Future work should include increasing the quantity of thermal conductivity 
measurements and interpolating the thermal conductivity data once enough data is 
available for specific formations in specific basins. Currently there are numerous thermal 
conductivity data sets, which include samples of minerals and of rocks from many 
locations, but sample source location, formation and depth are not always published. 
Examples of existing thermal conductivity data sets include work published by Birch 
(1940), Touloukien et al. (1970), Raznjevic (1976), Majorowicz and Jessop (1981), Roy 
et al. (1981), Touloukian et al. (1981) Reiter and Tovar (1982), Reiter and Jessop (1985),  
Taylot et al. (1986), Drury (1986), Beach et al. (1987), Clauser and Huenges (1995), 
Beardsmore (1996), Barker (1996), Beardsmore (2001), NGDS (2015). These data sets, 
and many others provide a large knowledge base, however specific location and depth 
information for each sample was not always published. More measurements are needed 
to provide data of thermal conductivity all the formations of interest in specific basins so 
that interpolations can be completed. Combining existing data with new measurements to 







Divided Bar Measurements 
 
Table 6. Examples of 100 divided bar measurements averaged for one reported value. 
The temperature measurements, relative to room temperature, at each point in the thermal 
stack and the resulting thermal conductivity (λ) measurement calculations are for fused 
silica sample #20. Each set of eight temperature measurements was taken 10 seconds 
after the previous set, for a total elapsed time of just over 16 minutes. The resulting λave 






          
19.98 1.8 
   
Equilibrium verification area 




   
Average λ of first 15 













Averge λ of last 15 
    
47.82 59.00 
   
1.371119 




   
percent difference 
    
0.001796 0.0027339 
   
-0.34% 
    Sample A 
Cond. λ Std 
          
--- 0.4289 
  
TC A1 TC A1 TC A2 TC A2 TC A3 TC A3 TC A4 TC A4 
Calculated 
KPA DT1A DT2A DT3A T1 T2 T3 T4 T5 T6 T7 T8 
1.3812 2.3547 12.4037 2.3734 9.6580 9.7793 7.3808 7.3472 -5.0582 -5.0212 -7.4081 -7.4181 
1.3793 2.3580 12.3986 2.3617 9.6513 9.7861 7.4078 7.3135 -5.0481 -5.0279 -7.3912 -7.4081 
1.3673 2.3412 12.4188 2.3448 9.6546 9.7793 7.4078 7.3438 -5.0649 -5.0212 -7.3912 -7.3845 
1.3831 2.3732 12.4087 2.3633 9.6850 9.8029 7.4011 7.3404 -5.0447 -5.0312 -7.3979 -7.4047 
1.3721 2.3445 12.4104 2.3549 9.6546 9.7658 7.3943 7.3371 -5.0380 -5.0514 -7.3979 -7.4013 
1.3760 2.3648 12.4020 2.3448 9.6782 9.7591 7.3909 7.3169 -5.0750 -5.0212 -7.3879 -7.3979 
1.3837 2.3580 12.3902 2.3734 9.6614 9.7760 7.3808 7.3404 -5.0312 -5.0279 -7.3946 -7.4114 
1.3775 2.3597 12.4020 2.3549 9.6614 9.7760 7.3876 7.3303 -5.0615 -5.0245 -7.4047 -7.3912 
1.3829 2.3749 12.3936 2.3549 9.6647 9.7793 7.3775 7.3169 -5.0649 -5.0279 -7.3845 -7.4181 
1.3665 2.3412 12.4171 2.3415 9.6344 9.7760 7.3876 7.3404 -5.0615 -5.0447 -7.4047 -7.3845 
1.3660 2.3260 12.4256 2.3583 9.6513 9.7524 7.4145 7.3371 -5.0683 -5.0312 -7.4148 -7.4013 
1.3808 2.3614 12.3986 2.3634 9.6580 9.7726 7.3943 7.3135 -5.0615 -5.0279 -7.4148 -7.4013 
1.3781 2.3496 12.3835 2.3600 9.6344 9.7557 7.3808 7.3101 -5.0615 -5.0144 -7.4013 -7.3946 
1.3726 2.3530 12.4020 2.3448 9.6378 9.7726 7.3876 7.3169 -5.0615 -5.0380 -7.3979 -7.3912 
1.3686 2.3479 12.4070 2.3381 9.6445 9.7658 7.3943 7.3202 -5.0750 -5.0245 -7.3811 -7.3946 




Table 6. cont. 
Calculated KPA DT1A DT2A DT3A T1 T2 T3 T4 T5 T6 T7 T8 
1.3659 2.3361 12.4272 2.3482 9.6344 9.7625 7.4078 7.3169 -5.0918 -5.0380 -7.4114 -7.4148 
1.3726 2.3479 12.4239 2.3583 9.6411 9.7658 7.3977 7.3135 -5.0885 -5.0481 -7.4114 -7.4417 
1.3710 2.3445 12.4255 2.3566 9.6445 9.7490 7.3674 7.3371 -5.0985 -5.0481 -7.4383 -7.4215 
1.3798 2.3563 12.4037 2.3667 9.6344 9.7658 7.3741 7.3135 -5.0784 -5.0413 -7.4283 -7.4249 
1.3692 2.3479 12.4104 2.3415 9.6344 9.7322 7.3640 7.3068 -5.0851 -5.0649 -7.4181 -7.4148 
1.3767 2.3563 12.4138 2.3600 9.6546 9.7389 7.3741 7.3068 -5.0918 -5.0548 -7.4451 -7.4215 
1.3823 2.3563 12.3986 2.3735 9.6378 9.7490 7.3741 7.3000 -5.0784 -5.0447 -7.4316 -7.4383 
1.3678 2.3277 12.4188 2.3600 9.6209 9.7187 7.3808 7.3034 -5.0952 -5.0582 -7.4417 -7.4316 
1.3747 2.3597 12.4138 2.3499 9.6445 9.7524 7.3606 7.3169 -5.0952 -5.0548 -7.4215 -7.4283 
1.3666 2.3294 12.4205 2.3549 9.6142 9.7322 7.3573 7.3303 -5.1053 -5.0481 -7.4215 -7.4417 
1.3739 2.3563 12.4121 2.3499 9.6378 9.7422 7.3674 7.3000 -5.0918 -5.0649 -7.4283 -7.4283 
1.3772 2.3631 12.4087 2.3533 9.6142 9.7658 7.3674 7.2866 -5.1053 -5.0582 -7.4350 -7.4350 
1.3704 2.3361 12.4037 2.3549 9.6041 9.7288 7.3606 7.3000 -5.0885 -5.0582 -7.4383 -7.4181 
1.3730 2.3479 12.4070 2.3533 9.6209 9.7422 7.3741 7.2933 -5.0851 -5.0615 -7.4316 -7.4215 
1.3692 2.3462 12.4104 2.3432 9.6209 9.7220 7.3438 7.3068 -5.0985 -5.0716 -7.4215 -7.4350 
1.3689 2.3428 12.4171 2.3482 9.6277 9.7254 7.3539 7.3135 -5.0918 -5.0750 -7.4283 -7.4350 
1.3656 2.3395 12.4205 2.3415 9.6243 9.7254 7.3640 7.3068 -5.0985 -5.0716 -7.4047 -7.4485 
1.3719 2.3428 12.4036 2.3533 9.6142 9.7187 7.3573 7.2899 -5.1120 -5.0481 -7.4383 -7.4283 
1.3667 2.3496 12.4104 2.3314 9.6209 9.7220 7.3573 7.2866 -5.0952 -5.0817 -7.4114 -7.4283 
1.3737 2.3563 12.4053 2.3465 9.6209 9.7422 7.3539 7.2967 -5.1087 -5.0514 -7.4350 -7.4181 
1.3703 2.3479 12.4137 2.3465 9.6277 9.7288 7.3539 7.3068 -5.1087 -5.0582 -7.4350 -7.4249 
1.3725 2.3563 12.4070 2.3432 9.6176 9.7322 7.3438 7.2933 -5.1120 -5.0649 -7.4249 -7.4383 
1.3675 2.3395 12.4036 2.3415 9.6142 9.7187 7.3640 7.2899 -5.0952 -5.0582 -7.4148 -7.4215 
1.3757 2.3479 12.3919 2.3566 9.6142 9.7119 7.3404 7.2899 -5.0985 -5.0548 -7.4417 -7.4249 
1.3791 2.3462 12.3919 2.3701 9.6176 9.7119 7.3505 7.2866 -5.0918 -5.0548 -7.4451 -7.4417 
1.3752 2.3310 12.4003 2.3751 9.5940 9.7288 7.3707 7.2899 -5.0885 -5.0514 -7.4485 -7.4417 
1.3746 2.3479 12.4188 2.3634 9.6277 9.7153 7.3472 7.3000 -5.0918 -5.0985 -7.4518 -7.4653 
1.3708 2.3513 12.4272 2.3499 9.6108 9.7254 7.3539 7.2798 -5.1288 -5.0918 -7.4619 -7.4586 
1.3683 2.3327 12.4188 2.3566 9.5872 9.7153 7.3505 7.2866 -5.1087 -5.0918 -7.4552 -7.4586 
1.3723 2.3344 12.4222 2.3701 9.6041 9.7153 7.3404 7.3101 -5.1221 -5.0716 -7.4687 -7.4653 
1.3695 2.3529 12.4339 2.3466 9.6176 9.7220 7.3472 7.2866 -5.1423 -5.0918 -7.4586 -7.4687 
1.3749 2.3344 12.4205 2.3785 9.6007 9.7119 7.3438 7.3000 -5.1120 -5.0851 -7.4687 -7.4855 
1.3803 2.3428 12.4121 2.3853 9.6075 9.7052 7.3472 7.2798 -5.1154 -5.0817 -7.4889 -7.4788 
1.3753 2.3496 12.4087 2.3600 9.6007 9.7052 7.3438 7.2630 -5.1087 -5.1019 -7.4653 -7.4653 
1.3774 2.3496 12.4205 2.3718 9.6075 9.7254 7.3505 7.2832 -5.1087 -5.0985 -7.4720 -7.4788 
1.3591 2.3243 12.4356 2.3398 9.5704 9.7052 7.3303 7.2967 -5.1457 -5.0985 -7.4653 -7.4586 




Table 6. cont. 
Calculated KPA DT1A DT2A DT3A T1 T2 T3 T4 T5 T6 T7 T8 
1.3772 2.3529 12.4087 2.3634 9.5973 9.7220 7.3337 7.2798 -5.1187 -5.0851 -7.4619 -7.4687 
1.3664 2.3395 12.4356 2.3499 9.5906 9.7086 7.3404 7.2798 -5.1457 -5.1053 -7.4788 -7.4720 
1.3735 2.3529 12.4205 2.3550 9.6007 9.7153 7.3371 7.2731 -5.1390 -5.0918 -7.4619 -7.4788 
1.3675 2.3344 12.4306 2.3567 9.5906 9.7018 7.3337 7.2899 -5.1322 -5.1053 -7.4720 -7.4788 
1.3746 2.3479 12.4104 2.3600 9.6007 9.7052 7.3371 7.2731 -5.1322 -5.0784 -7.4619 -7.4687 
1.3769 2.3647 12.4070 2.3499 9.5805 9.7187 7.3202 7.2495 -5.1591 -5.0851 -7.4619 -7.4822 
1.3713 2.3411 12.4003 2.3516 9.5771 9.6951 7.3404 7.2495 -5.1187 -5.0918 -7.4720 -7.4417 
1.3687 2.3428 12.4238 2.3499 9.5906 9.7086 7.3404 7.2731 -5.1390 -5.0952 -7.4619 -7.4720 
1.3707 2.3479 12.4322 2.3550 9.6041 9.7052 7.3404 7.2731 -5.1288 -5.1221 -7.4619 -7.4990 
1.3776 2.3597 12.4188 2.3617 9.6041 9.7153 7.3236 7.2765 -5.1322 -5.1053 -7.4720 -7.4889 
1.3790 2.3445 12.4104 2.3785 9.5771 9.7018 7.3303 7.2596 -5.1423 -5.0885 -7.4922 -7.4956 
1.3710 2.3394 12.4339 2.3651 9.6007 9.6951 7.3303 7.2866 -5.1255 -5.1255 -7.4956 -7.4855 
1.3721 2.3411 12.4238 2.3634 9.5872 9.6951 7.3303 7.2697 -5.1390 -5.1087 -7.4788 -7.4956 
1.3743 2.3613 12.4221 2.3499 9.5839 9.7086 7.3000 7.2697 -5.1490 -5.1255 -7.4788 -7.4956 
1.3738 2.3529 12.4222 2.3567 9.5839 9.7086 7.3404 7.2462 -5.1457 -5.1120 -7.4822 -7.4889 
1.3777 2.3462 12.4137 2.3735 9.5805 9.6951 7.3135 7.2697 -5.1255 -5.1187 -7.4855 -7.5057 
1.3812 2.3664 12.4087 2.3634 9.5973 9.6984 7.3202 7.2428 -5.1524 -5.1019 -7.4788 -7.5024 
1.3763 2.3681 12.4171 2.3483 9.6007 9.7018 7.3169 7.2495 -5.1524 -5.1154 -7.4822 -7.4822 
1.3684 2.3445 12.4306 2.3499 9.5805 9.6883 7.3169 7.2630 -5.1591 -5.1221 -7.4754 -7.5057 
1.3667 2.3344 12.4289 2.3533 9.5704 9.6917 7.3337 7.2596 -5.1423 -5.1221 -7.4754 -7.4956 
1.3716 2.3512 12.4238 2.3516 9.5670 9.6984 7.3270 7.2361 -5.1524 -5.1322 -7.4822 -7.5057 
1.3748 2.3563 12.4171 2.3550 9.5872 9.6883 7.3202 7.2428 -5.1558 -5.1154 -7.4855 -7.4956 
1.3713 2.3479 12.4221 2.3533 9.5839 9.6715 7.3202 7.2394 -5.1490 -5.1356 -7.4990 -7.4922 
1.3840 2.3563 12.3969 2.3786 9.5670 9.7018 7.2967 7.2596 -5.1423 -5.0952 -7.5057 -7.4889 
1.3755 2.3495 12.4019 2.3584 9.5704 9.6749 7.3000 7.2462 -5.1625 -5.0952 -7.4687 -7.5057 
1.3724 2.3512 12.4120 2.3499 9.5637 9.7018 7.3101 7.2529 -5.1457 -5.1154 -7.4788 -7.4822 
1.3759 2.3478 12.4120 2.3651 9.5637 9.6883 7.3169 7.2394 -5.1625 -5.1053 -7.4922 -7.5057 
1.3809 2.3681 12.4070 2.3600 9.5805 9.6917 7.2866 7.2495 -5.1490 -5.1288 -7.4922 -7.5057 
1.3733 2.3512 12.4087 2.3516 9.5670 9.6883 7.3000 7.2529 -5.1490 -5.1154 -7.4990 -7.4687 
1.3673 2.3361 12.4272 2.3533 9.5569 9.6782 7.3202 7.2428 -5.1591 -5.1322 -7.4922 -7.5057 
1.3754 2.3411 12.4205 2.3735 9.5637 9.6749 7.3101 7.2462 -5.1558 -5.1288 -7.4956 -7.5360 
1.3759 2.3478 12.4204 2.3685 9.5670 9.6681 7.2832 7.2563 -5.1591 -5.1423 -7.5091 -7.5293 
1.3812 2.3276 12.4171 2.4055 9.5670 9.6513 7.3101 7.2529 -5.1591 -5.1120 -7.5226 -7.5596 
1.3768 2.3529 12.4306 2.3702 9.5670 9.6850 7.3135 7.2327 -5.1861 -5.1288 -7.5259 -7.5293 
1.3740 2.3344 12.4289 2.3786 9.5333 9.6850 7.3068 7.2428 -5.1591 -5.1490 -7.5327 -7.5327 
1.3788 2.3377 12.4120 2.3853 9.5502 9.6445 7.3101 7.2091 -5.1625 -5.1423 -7.5226 -7.5529 
1.3696 2.3361 12.4558 2.3718 9.5670 9.6681 7.3000 7.2630 -5.1861 -5.1625 -7.5495 -7.5428 
1.3654 2.3158 12.4491 2.3752 9.5434 9.6445 7.3202 7.2361 -5.1827 -5.1591 -7.5461 -7.5461 
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Table 6. cont. 
Calculated KPA DT1A DT2A DT3A T1 T2 T3 T4 T5 T6 T7 T8 
1.3698 2.3310 12.4356 2.3702 9.5434 9.6546 7.3068 7.2293 -5.1827 -5.1524 -7.5327 -7.5428 
1.3674 2.3361 12.4490 2.3617 9.5502 9.6681 7.2967 7.2495 -5.2029 -5.1490 -7.5428 -7.5327 
1.3581 2.3192 12.4709 2.3550 9.5401 9.6513 7.3169 7.2361 -5.2197 -5.1692 -7.5394 -7.5596 
1.3795 2.3613 12.4373 2.3735 9.5670 9.6782 7.2933 7.2293 -5.1995 -5.1524 -7.5562 -7.5428 
1.3717 2.3461 12.4406 2.3634 9.5401 9.6715 7.2933 7.2259 -5.1827 -5.1793 -7.5394 -7.5495 
1.3766 2.3529 12.4322 2.3702 9.5367 9.6715 7.2798 7.2226 -5.1793 -5.1827 -7.5293 -7.5731 
1.3687 2.3495 12.4457 2.3516 9.5468 9.6782 7.2933 7.2327 -5.2029 -5.1625 -7.5293 -7.5394 
1.3675 2.3327 12.4390 2.3617 9.5299 9.6580 7.2933 7.2293 -5.2063 -5.1490 -7.5461 -7.5327 




Figure 15. Plot showing scatter due to experimental error in thermal conductivity. This is 
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Appendix B 
Thermal Conductivity Measurements used for Correction Factor 
Table 7. Corrected and uncorrected thermal conductivities of the limestone and fused silica. The 
samples with area%s less than 100% were used to create the Correction Factor (CF). The center 
column shows the calculated thermal conductivity after using equation 1. The right hand column 




Limestone Thermal Conductivity (W m-1K-1) 
Uncorrected Corrected 
104.25% 2.2992 2.2992 
104.25% 2.3072 2.3072 
47.44% 2.5461 2.4303 
47.44% 2.5468 2.4310 
104.25% 2.3503 2.3503 
104.25% 2.3504 2.3504 
74.99% 2.2699 2.2699 
74.99% 2.3395 2.3395 
48.29% 2.3783 2.2779 
48.29% 2.3995 2.2983 
24.88% 2.4598 2.0255 
24.88% 2.4649 2.0297 
53.35% 2.2977 2.2977 
53.35% 2.3136 2.3136 
39.67% 2.5753 2.3642 
39.67% 2.5796 2.3682 
23.08% 2.9756 2.4120 
23.08% 2.9719 2.4090 
35.79% 2.3990 2.1490 
35.79% 2.4121 2.1608 
20.99% 3.2259 2.5660 
20.99% 3.2344 2.5727 
Percent 
Area 
Fused Silica Thermal Conductivity (W m-1K-1) 
Uncorrected Corrected 
101.35% 1.3901 1.3901 
101.35% 1.3844 1.3844 
101.39% 1.3486 1.3486 





Table 7. cont. 
Percent 
Area 
Fused Silica Thermal Conductivity (W m-1K-1) 
Uncorrected Corrected 
101.35% 1.3229 1.3229 
101.35% 1.3190 1.3190 
101.27% 1.3427 1.3427 
101.27% 1.4258 1.4258 
60.18% 1.4383 1.4383 
60.02% 1.4466 1.4466 
60.18% 1.4375 1.4375 
60.02% 1.4085 1.4085 
60.02% 1.4054 1.4054 
60.18% 1.3965 1.3965 
65.69% 1.3730 1.3730 
102.97% 1.3454 1.3454 
38.92% 1.5523 1.4187 
65.86% 1.3778 1.3778 
38.95% 1.4310 1.3080 
65.69% 1.3988 1.3988 






Thermal Profiles from Simulations 
The following sets of images show the temperature profile for each of the 11 slices of the 
3D simulation at the end of each 30 year production run. 
 
 
Figure 16. Thermal profiles, run #1; the baseline simulation. The 11 images are the 11 
slices through the 3D model, 73 m thick by 794 m long by 3,360 m deep. This simulation 
was a 30 year production cycle, completed using all the average thermal conductivities. 
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Figure 17. Thermal profiles, run #2; limestone conductivity increased 40%. The 11 
images are the 11 slices through the 3D model, 73 m thick by 794 m long by 3,360 m 















Figure 18. Thermal profiles, run #3; limestone conductivity increased 20%. The 11 
images are the 11 slices through the 3D model, 73 m thick by 794 m long by 3,360 m 












Figure 19. Thermal profiles, run #4; limestone conductivity decreased 20%. The 11 
images are the 11 slices through the 3D model, 73 m thick by 794 m long by 3,360 m 












Figure 20. Thermal profiles, run #5; limestone conductivity decreased 40%. The 11 
images are the 11 slices through the 3D model, 73 m thick by 794 m long by 3,360 m 












Figure 21. Thermal profiles, run #6; limestone & sandstone conductivity increased 40%. 
The 11 images are the 11 slices through the 3D model, 73 m thick by 794 m long by 











Figure 22. Thermal profiles, run #7; limestone & sandstone conductivity increased 20%. 
The 11 images are the 11 slices through the 3D model, 73 m thick by 794 m long by 











Figure 23. Thermal profiles, run #8; limestone & sandstone conductivity decreased 20%. 
The 11 images are the 11 slices through the 3D model, 73 m thick by 794 m long by 











Figure 24. Thermal profiles, run #9; limestone & sandstone conductivity decreased 40%. 
The 11 images are the 11 slices through the 3D model, 73 m thick by 794 m long by 











Figure 25. Thermal profiles, run #10; shale conductivity decreased 20%. The 11 images 
are the 11 slices through the 3D model, 73 m thick by 794 m long by 3,360 m deep. This 
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